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Here we review cell cycle control in the ﬁssion yeast, Schizosaccharomyces pombe, in response to an
abrupt reduction of glucose concentration in culture media. S. pombe arrests cell cycle progression
when transferred from media containing 2.0% glucose to media containing 0.1%. After a delay, S.
pombe resumes cell division at a surprisingly fast rate, comparable to that observed in 2% glucose.
We found that a number of genes, including zinc-ﬁnger transcription factor Scr1, CaMKK-like
protein kinase Ssp1, and glucose transporter Ght5, enable rapid cell division in low glucose. In this
article, we examine whether cell cycle checkpoint-like control operates during the delay and after
resumption of cell division in limited-glucose. Using microarray analysis and genetic screening,
we identiﬁed several candidate genes that may be involved in controlling this low-glucose
adaptation.
 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical
Societies. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/3.0/).1. Genetically deﬁned mechanism for adapting to limited
glucose in S. pombe
Glucose is a fundamental energy source in eukaryotes, and is
essential to drive energy-dependent physiological processes, such
as cell cycle progression. While the ﬁssion yeast, Schizosaccharomy-
ces pombe, grows and divides vigorously in laboratory media con-
taining high concentrations of glucose (2–3%, or 111–167 mM),
such high glucose concentrations are not always available in natu-
ral environments. Indeed, we previously reported that ﬁssion yeast
can proliferate at essentially normal rates in media containing as
little as 0.08% (4.4 mM) glucose, which is equivalent to the blood
glucose level in a healthy human before breakfast [1,2]. Two genes,
ssp1+ and sds23+, which encode Ca2+/Calmodulin-dependent kinase
kinase (CaMKK)-like protein and an inhibitory regulator of type-2A
and 2A-related phosphatases (PP2A and PP6), respectively, were
essential for fast proliferation in low glucose [1]. Thus, wild-type
(WT) ﬁssion yeast apparently possess genetically deﬁned mecha-
nisms for adapting to low glucose. Further reduction of glucose
concentration slowed cell cycle progression, and in medium con-
taining only 0.02% (1.1 mM), the cell cycle became stochastic,
and cells ultimately entered quiescence [2]. In this article, we sum-
marize our recent ﬁndings regarding cellular adaptation to lowglucose and discuss cellular mechanisms that may enable cell
division in low glucose.
2. Cell cycle delay upon reduction of glucose concentration
When S. pombe WT cells growing exponentially in synthetic
EMM2 liquid medium containing a high glucose concentration
(111 mM) were transferred to low-glucose EMM2 (4.4 mM), cells
transiently stopped dividing for the equivalent of one or two gen-
erations, before resuming vigorous cell division at a rate similar to
that in high glucose (Fig. 1A) (also shown in [1,2]). Consistently, the
% septation index, the proportion of cells forming the cell plate
(septum) prior to cytokinesis, sharply and transiently decreased
to a minimal level within 2 h after the shift to low glucose; how-
ever, the % septation index was restored after 4 h (Fig. 1B). The
temporary decline of the % septation index suggests that cell cycle
progression is brieﬂy arrested or delayed.
To test whether ATP concentration was maintained after the
glucose shift, we measured intracellular ATP per cell using the
luciferase method [3,4]. Immediately upon the shift to low glucose,
the intracellular ATP level rapidly decreased to 20% of the initial
ATP level, and then slowly returned to approximately 50% (Fig. 1B),
even when cells resumed vigorous division in low glucose (Fig. 1A).
From the result of the ATP measurement and an estimated cell vol-
ume, we calculated that the intracellular ATP concentration before
the glucose shift was 0.97 mM, which is in good agreement with
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Fig. 1. Cellular responses to reduced extracellular glucose concentration. (A–C) WT
ﬁssion yeast cells grown in high-glucose (111 mM) EMM2 medium were trans-
ferred to low-glucose (4.4 mM) medium and cultivated at 26 C. Aliquots of the cell
culture were taken before (time = 0 h) and after the transfer to low glucose. Cell
density (A), % septation index (B), and intracellular ATP concentration (C) were
measured. For measurement of the % septation index, glutaraldehyde-ﬁxed cells
were stained with Calcoﬂuor White (Sigma–Aldrich, St. Louis, MO, USA), which
binds speciﬁcally to cell wall and septum, and the proportion of cells having septa
was calculated by examining 400 cells. Experiments were done three times at 26 C,
and the septation indices obtained are 14.4 ± 2.5% before the shift, 2.2 ± 0.8% at
minimum, 12.0 ± 0.2% after recovery. Intracellular ATP concentration was quanti-
ﬁed with a luciferase-mediated luminescence assay using BacTiter-Glo reagent
(Promega, Madison, WI, USA), as previously described [4]. Measurements of ATP
were done also three times. Concentrations of ATP (100% before the shift) was
reduced to the minimum 15.5 ± 2.6% after 15–30 min and restored to 42.9 ± 9.4%
after 4–6 h.
2374 S. Saitoh, M. Yanagida / FEBS Letters 588 (2014) 2373–2378previous measurements, 1 mM [5,6]. We presume that during the
transient cell cycle arrest after the shift to low-glucose medium,
cellular energy metabolism must be greatly altered so that cells
can proliferate with a reduced intracellular ATP reserve, possibly
requiring a change from glycolysis to respiration. Cellular uptake
or utilization of glucose, the main substrate for ATP generation,
may temporarily diminish to adapt to limited glucose (Respiration
produces about 19more ATP, so it may be that cells switch to res-
piration so as to maintain ATP production despite limiting glucose).Alternatively, the shift in energy production systems may simply
take time, causing the temporary ATP depletion. In high glucose,
ATP production may be excessive, while in low glucose, ATP
production and consumption may be balanced.3. Extensive changes in metabolome proﬁle from high to low
glucose
We employed liquid-chromatography mass-spectrometry
(LC–MS) to perform quantitative metabolomics on S. pombe cell
extracts, and identiﬁed many metabolites that changed concentra-
tion according to glucose concentration [2]. In 2.2 mM glucose, the
ATP concentration was about a half that observed in 111 mM glu-
cose. A sharp rise in S-adenosyl methionine (SAM) was observed
under low and starved glucose conditions. Consistent with this
ﬁnding, concentrations of certain free, methylated (mono-, di-,
and tri-methylated) amino acids and methylated nucleosides sig-
niﬁcantly increased. In addition, biosynthesis of ergothioneine
and trehalose, both of which are suspected to be stress-responsive
compounds, sharply increased under limited glucose. Therefore,
we conclude that S. pombe cells accumulate anti-stress compounds
(anti-oxidants) when dividing rapidly in low glucose, probably due
to increased oxidative stress caused by a switch from glycolysis to
respiration.4. Changes in gene transcription after the shift to low glucose
Comprehensive transcriptome analysis using S. pombe DNA
microarray was conducted before and after the glucose shift. Gene
transcription was greatly affected by reduction of the extracellular
glucose concentration. WT cells growing exponentially at 26 C in
EMM2 medium containing high (111 mM, 2%) glucose were trans-
ferred to low-glucose (4.4 mM, 0.08%) medium, and mRNAs were
isolated and analyzed before and at intervals of 1, 2, 3, 4, 6, 12,
and 24 h after the transfer. Results are shown in Fig. 2A, B, and C.
The cell number stopped increasing for ﬁrst 4 h after the transfer,
and then resumed at a rate similar to that in high-glucose. The glu-
cose concentration remaining in the medium was depleted to
1.5 mM at 12 h, and was hardly detectable at 24 h (data not
shown). Among 5000 S. pombe genes we examined, 1800 gene
transcripts showed signiﬁcant alteration (>100% increase or <50%
decrease) in their expression levels after the transfer to low-glu-
cose medium.
According to their expression proﬁles, these genes were classi-
ﬁed into 10 clusters (UP 1–6 and DN 1–4) as shown in Fig. 2A. UP
clusters 1–5 contain genes that are up-regulated in the ﬁrst 1–2 h
(500 genes) while DN 2–4 contain genes that are down-regulated
in the ﬁrst 1–2 h (600 genes). Expression levels of genes in groups
UP6 (312 genes) and DN1 (412 genes) did not change, except 24 h
later, when glucose in the mediumwas nearly 0 mM, implying that
changes in expression levels of these genes are related to glucose
depletion. Immediately and highly up-regulated transcription (UP
1–4) occurs in 123 genes. Interestingly, four of these (ght1+,
ght3+, ght4+, ght6+) in UP1, in which transcription levels elevated
sharply and then remained high, are closely related and are pre-
dicted to encode hexose/glucose transporters. S. pombe has eight
hexose transporters [7,8]. In addition, genes in cluster UP4 include
those related to utilization of carbon sources other than glucose,
such as polysaccharides and glycerol, although the medium con-
tained only glucose as a carbon source.
Increased glucose uptake by hexose transporters may promote
rapid cell proliferation even in low glucose. Consistent with this
notion, we ﬁnd that one of the putative S. pombe hexose trans-
porter genes, ght5+ (belonging to UP5), the mRNA level of which
is already high before the shift to low glucose and further increases
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Fig. 2. Genome-wide transcriptome analysis in cells transferred to low glucose. (A and B) mRNA samples were puriﬁed fromWT cells before (time = 0) and after the transfer
to low-glucose medium (time = 1–24 h), and quantiﬁed by microarray hybridization using GeneChip Yeast Genome 2.0 Array (Afﬁmetrix, Santa Clara, CA, USA), as indicated
by the manufacturer. Expression levels of each gene are indicated by a color code. Based on their expression proﬁles, genes were classiﬁed into 10 clusters by the k-means
clustering method [38]. The numbers of genes included in each cluster are indicated by #number. Representative genes in each cluster are also shown. Expression proﬁles of
genes in DN4 are enlarged in (B). (C) The time-course of seven cell-cycle genes in DN4 after the shift to low-glucose is shown (see text).
S. Saitoh, M. Yanagida / FEBS Letters 588 (2014) 2373–2378 2375after the shift, becomes indispensable under low-glucose condi-
tions (Saitoh et al., manuscript submitted). Mutant cells lacking
the ght5+ gene fail to survive in low glucose. Ssp1/CaMKK and a
PP2A-inhibitor Sds23, both of which are required for cell prolifer-
ation in low glucose [1], regulate transcription of ght5+ by modu-
lating nuclear-to-cytoplasmic localization of a transcription
repressor in low glucose (Saitoh et al., manuscript submitted).
Changes in the transcription level of genes in cluster DN4 are
strikingly different from those in other clusters. They sharply
decreased for 1–2 h upon the shift to low glucose and then
increased (Fig. 2A, enlarged in B). The period of their mRNA
decrease parallels that of the cell cycle arrest following glucose
limitation. Indeed, this cluster (total 44) contains a high proportion
of cell cycle-related genes, such as cdc22+ (encoding ribonucleotide
reductase large subunit) [9], slp1+ (mitotic checkpoint regulator
Sleepy) [10], cdt1+ (replication licensing factor) [11], and mik1+
(Wee1-like mitotic and G1-S inhibitor kinase) [12]. In normal cell
division in high glucose, transcription levels of these seven genes
change periodically and drop to a minimum at G2 phase [13].
The minimum occurs in early G2 phase, while the maximum
occurs in M/post M phase. All genes in group DN4 showed a strik-
ing decrease of transcription 1–2 h after the shift to low glucose(Fig. 2C). We suspect that the arrest may be related to the cell cycle
phase at which transcript levels of DN4 genes drop.
5. Identiﬁcation of six cell cycle-related deletion mutants that
fail to proliferate in low glucose
To identify genes required for adapting to, and restoring rapid
cell proliferation in low glucose, we screened for mutants that
could form colonies on high-glucose solid medium, but not on
low-glucose solid medium. From the commercially available S.
pombe strain library consisting of 3400 gene deletion mutants,
we were able to identify 160 such mutant strains, and we des-
ignated them as lgs mutants (lgs = low glucose sensitive), details
of which will be published elsewhere. In this screening, we iso-
lated several mutants related to the TORC2 (target of rapamycin
complex 2) signaling pathway. TORC2 is a protein kinase complex
composed of multiple subunits, and implicated in cell cycle pro-
gression and cell size control under low glucose [14]. In addition,
a group of deletion mutants related to cell cycle regulation was
obtained. We here summarize them, since they may reveal mech-
anisms underlying the proliferation delay upon glucose
limitation.
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mpr1+/spy1+, rad1+, rad26+, sum2+, or wee1+ genes were deleted
(Fig. 3A). These genes are implicated in cell division and/or
DNA damage checkpoint control, and they are required for S.
pombe cells to proliferate under limited glucose. The mcl1+ gene
encodes a DNA polymerase a accessary protein, and is implicated
in the stress response to DNA damage, speciﬁcally during G1/S
phase [15,16]. mpr1+/spy1+ encodes a histidine-containing
phosphotransfer protein, which functions upstream of stress-
responding MAP kinase-signaling cascades, preventing precocious
entry into mitosis [17,18]. rad1+ and rad26+, encoding a compo-
nent of the checkpoint clamp complex and a regulatory subunit
of the ATR-like Rad3 kinase, respectively, play central roles in
the DNA replication/damage checkpoint [19–22]. Ectopic expres-
sion of an N-terminal fragment of the Sum2 protein, which is
suggested to interact with the Polo kinase, regulating cell cycle
progression and bipolar spindle formation [23], was reported to
rescue the DNA replication checkpoint defect induced by over-
production of Cdc25 phosphatase [24]. Wee1 kinase, a negative
regulator of the G2/M transition, opposes Cdc25 in Cdc2/CDK1
inhibitory tyrosine phosphorylation [25,26], and is reportedly
required for the G2/M delay induced by gamma-ray irradiation
[27].
Transcriptomic results indicated a sharp rise of the mpr1+ tran-
script immediately after the shift to limited glucose, followed by a
decrease within 5 h and then a continuous increase (Fig. 3B). This is
consistent with a hypothesis that Mpr1 rapidly responds to the
stress produced by glucose limitation. Transcripts of rad1+,
rad26+, mcl1+, and wee1+ showed transcriptomic results similar to
those of DN4 (Fig. 2C), but their temporary decrease was small.
None of these four genes show an oscillating transcript pattern
during the cell cycle. The transcript of sum2+ does not respond to
the shift to low glucose.gene name gene
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Fig. 3. Six cell-cycle-related genes required for vigorous cell proliferation under low-glu
are summarized. These genes were identiﬁed by screening for lgsmutants, as being requi
levels as determined by microarray transcriptome analysis. See the legend of Fig. 2 for6. Possible implication of Ssp1 kinase signaling in the cell cycle
delay
A question emerging from the present study is whether the
temporary delay of cell cycle progression observed following the
shift to low glucose is caused by a kind of cell cycle checkpoint con-
trol. A rather sharp decrease in the % septation index occurred 2 h
after the shift and was maintained until restoration of cell division
at around 4 h after the shift, suggesting the existence of a cell cycle
control mechanism responding to glucose limitation. Checkpoint
control requires a sensing mechanism. For example, in the case
of the DNA damage checkpoint, ATR/ATM kinase (Rad3 in S. pombe)
and single-strand DNA-binding RPA (replication protein A) appar-
ently sense the damage, and then, a signaling mechanism stalls cell
cycle progression by activating an effector protein kinase (Chk1 in
S. pombe) that inhibits activation of CDK (cyclin-dependent protein
kinase) until DNA damage is repaired [28,29]. It is unknown
whether the delay following the glucose shift utilizes a mechanism
similar to that of the DNA damage checkpoint. If so, the molecule
that senses the shift to low glucose in S. pombe is also unknown.
We speculate that CaMKK-like Ssp1 may be a candidate sensor,
or may be implicated in regulating the sensing mechanism, since
its mutant is sensitive to low glucose. Moreover, it is found in
the cytoplasm in the absence of stress, but under stress it swiftly
relocates to the plasma membrane [30]. It also binds to 14-3-3/
Rad24/Rad25 protein [1] and plays a nucleo-cytoplasmic function
[31]. Furthermore, the behavior of Ssp1 resembles that of the
Ght5 hexose transporter after the shift to low glucose [30,31]
(Saitoh et al., manuscript submitted). Ssp1 affects cell tip growth
during the recovery from stress [31,32], and controls actin remod-
eling during the cell cycle and growth [30–33]. Deletion of Ssp1
blocks G2 phase, producing elongated cells. However, certain mis-
sense ssp1 mutants (Stretch Ala or Stretch deletion) cause slow product function 
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under low glucose. Thus Ssp1 seems to be closely linked to the cell
cycle arrest upon the shift to low glucose, and also to cell morpho-
genesis. The downstream effector of Ssp1 is AMPK-like Ssp2 [34]
(Saitoh et al., manuscript submitted), so CaMKK/Ssp1 and AMPK/
Ssp2 signaling have to be investigated in order to understand the
adaptation mechanism of S. pombe cells to low glucose.
7. Genes potentially implicated in the cell cycle delay upon the
shift to low glucose
Here we consider two reasons for the cell cycle delay caused by
limited glucose. One is that a checkpoint-like cell cycle mechanism
promotes the delay of the G2/M or the G1/S transition in response
to nutritional stresses, such as glucose limitation. The delay would
be caused by the many biochemical and structural events that must
occur during the transition. Six genes apparently required for efﬁ-
cient cell division in low glucose (Fig. 3A) may be responsible for
the cell division cycle delay during this transition. During the delay,
metabolic pathways must be greatly modiﬁed so that cells can pro-
liferate vigorously in low glucose. Mutant cells that fail to delay the
cell cycle, fail to adapt to low-glucose environments, and do not
proliferate vigorously. The second reason for the cell cycle delay
is the accumulation of reactive oxygen species (ROS), which causes
DNA damage, leading to activation of checkpoint kinases. This
hypothesis is consistent with the ﬁnding that four of the six
mutants (mcl1, rad1, rad26, sum2) are implicated in the DNA dam-
age checkpoint. In these mutants, the DNA damage checkpoint
should be impaired, and mutant cells may fail to proliferate in
low glucose due to DNA damage produced by oxidative stress that
reaches a critical level. These two factors (complexmetabolic/struc-
tural changes and increased oxidative stress under low glucose) are
probably notmutually exclusive, and bothmay affect the transition.
Transcripts of seven genes (cdc22+, ace2+, slp1+, cig2+, cdc18+,
cdt1+, mik1+) of cluster DN4 showed similar expression time
courses after the shift to low glucose. Their transcript proﬁles
resemble that of the % septation index (Fig. 1B). Cdc22 (a subunit
of ribonucleotide reductase), Cdc18, and Cdt1 are required for ini-
tiation of DNA replication and also to control cell cycle progression
by monitoring replication during S phase, while Cig2 (a G1/S-spe-
ciﬁc B-type cyclin) and Mik1 (a Wee1 like kinase) regulate the G1-S
and G2-M transitions, respectively. Ace2 is a transcription factor
regulating transcription of genes required for cytokinesis [35].
Upon the shift to low glucose, the transcript level of these genes
and the frequency of cytokinesis rapidly reach their nadirs, sug-
gesting that during the initial adaptation from high to low glucose,
WT cells enter a G2-like phase during which they conduct many
events to enable cell division in low glucose. Further detailed study
is deﬁnitely needed to determine the roles of these seven genes in
the cell cycle delay for adaptation to low glucose.
While the concept of a checkpoint has seemed increasingly
plausible since the original proposal by Hartwell and Weinert
[36,37], the most compelling evidence is the presence of mutations
and/or artiﬁcial conditions that bypass the checkpoint-induced cell
cycle block, despite the presence of stresses. Thus, to prove that the
low glucose adaptation checkpoint truly exists, it is essential to
identify mutant strains that fail to enter cell cycle arrest upon a
reduction of extracellular glucose. The strains described above
are strong candidates for checkpoint-defective mutants.
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